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**Department of Physics
University of California Los Angeles
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ABSTRACT

We present the first quantitative experimental study of the morphology of amorphous solid
surfaces formed by non-equilibrium processes and compare the results with theories developed to
explain the formation of such surfaces.

1. IN717RODUCTION

The preparation of surfaces and the growth of thin films are areas of great technological im-
portance, with applications including such diverse fields as optics, chemical analyses, fabrication
of microelectronic and recording devices, containment vessels for fusion reactors and manufacture
of composite materials. A feature common to all these applications is that thc surface preparation
processes used are far from chemical equilibrium. Many of the processes involve an energetic ion
beam, plasma or gas that is used to modify a surface, either by etching or depositing material. The
electrical, optical and mechanical properties of the resulting systems depend strongly on the new
surface morphology, which in turn depends on the kinetics of the processes that modify the
surface. There have been many experimental studies of the morphology of surfaces created far
from equilibrium, but so far most of these studies have been more descriptive than quantitative.
With the introduction of scanning tunneling microscopy (STM) and atomic force microscopy
(AFM), it is now possible to obtain a detailed three dimensional topograph of a surface h(r), which
is the height of the surface at position r, with atomic scale resolution. One can compare the surface
topographs for different processing conditions to empirically optimize the morphology of the
desired surface and, as we shall demonstrate below, also understand the details of the kinetic
processes that produce the observed morphology.

On the theoretical side there has been in recent years considerable progress in our
understanding of the morphology of surfaces growing far from equilibrium as well as an enlarged L1
capability for numerical simulation of film-growth under realistic conditions. On the experimental
side, the STM presents us with a tool with unprecedented possibilities for quantitative
characterization of surfaces over length scales ranging from LA up to 104A. In particular, we can
measure the topographical profile of the height of the surface h(r) with a lateral resolution of 1-2,A
and a vertical resolution better than LA for a rough surface. From h(r), we can calculate the height-
correlation function in reciprocal space, <Ih(q)l>, which has become the focus for the theoretical
descriptions referred to above. Thus, the STM allows us to obtain "real-space" and "momentum- odesspace" representations of a surface on a side by side basis, whereas most electron or photon
scattering techniques can only be used to obtain <lh(q)12>, because of the loss of phase Cr
information.

A) S~ueinng j */

Sputtering is the most commonly used technique for the preparation of technologically
relevant thin films.[ 1-3] The sputter process deposits fairly energetic atoms or ions on a grou ing
surface. The incoming particles move along ballistic trajectoris predominantly along the normal to
the substrate surface. Once they reach the surface, the atoms move around by surface diffusion or ".,
by evaporation/recondensation until they reach a site where the binding energy is particularly high "
At very low deposition rates, this process can preserve the crystallinity and facetting, by stepfloA
and island growth, as for instance described by the classical model of Burton, Cabrera and
Frank.[4,5) However, for lower temperatures and economically reasonable deposition rates, the



atoms coalesce into microcrystallites and the film will be amorphous. It has been known since 2

1870 (!) that such films develop fascinating morphologies. The nature of the morphology depends
on a variety of factors such as temperature, deposition rte and incidence angle of the beam, but the
observed morphologies are commonly classified by the structure zone model (SZM ) proposed by
Movchan and Demchishin[7 ]and expanded by Thornton.[8] Our primary interest is "Zone I" with
T/T(mclhing) less then 0.3 or so, where there exists a columnar fine-grained micro-structurt. The
boundaries between the columns are of low adatom density and they play a significant role in
determining the mechanical and transport properties of the film as well as its durability and
stability. Columnar structures were first observed[9] using small angle electron scattering for
sputtered Pd films. Since then, there have been many reports of columnar microstructure in
studies by fractography, TEM, small angle electron scattering and X-ray scattering.[10] This
columnar structure has strong effects on the magnetic, optical and mechanical properties of a
film.!10]

The large-scale, macroscopic morphology has been investigated in the materials-science lit-
erature since the early 1950's. Konig and Hellwig[171 first pointed out the geometrical"shadowing" effect. Protruding parts of a surface shield deeper lying sections. In particular for
uncollimated incoming beams, this leads to enhancement of the surface roughness. [8] This mecha-
nism for roughening competes with a variety of annealing mechanisms firs: discussed by
Herring[18] At modest temperatures when the vapor pressure of the substrate is low, the dominant
annealing mechanism is surface diffusion. As the vapor pressure rises, evaporation-recon-
densation starts to play a role. Shadowing and surface diffusion have been invoked[8]to explain
the "universal" classification of thin-film microstructure: the shadowing should lead to Zone I
micro-structure of low-density tapered columns with domed tops. Increased temperature increases
the surface diffusion constant leading to wider, smoother columnar grains.g8) Shadowing and
surface diffusion are also believed [9 ]to be the important factors in the evolution of rough "cone-
like" surface topologies observed during sputter eosion of surfaces.120]

There have been extensive numerical investigations of surface growth close to
equilibrium.[21) Much of the earlier work was based on the solid-on-solid (SOS) model as
pioneered by Gilmer[22] More recently, the growth morphology of chemical vapor deposition[23]
(CVD) and molecular beam epitaxy[24) (MBE) have been investigated. Numerical studies of
surfaces fair from equilibrium were stimulated by observations of the rnicrostructures of amorphous
thin films. The first numerical studies of roughening due to shadowing were based on the "ballistic
aggregation model" of Vold.[25] Stick), spheres were constrained to approach a substrate on
straight-line ballistic trajectories. Leamv and Gilmer[26] showed that shadowing on an atomic
scale produces the "tangent-rule" for the growth direction. Very large-scale simulations[27,28] of
this ballistic aggregation model revealed deposits consisting of quasi-fracta[29] tree-like structure
riddled with holes but obeying the tangent rule.

Real coatings, though, are smooth over distances of 100 - 1000 A, which is the result of
various annealing mechanisms. Surface diffusion can be included to some extent in computer
simulations[30,31] and it indeed produces a more compact deposit. The ballistic aggregation
model with surface diffusion included is thus believed to contain the basic physical mechanisms to
understand the columnar structure. Because of computational limitations, at present it is difficult to
perform numerical simulations on a system with more than 100 x 100 lattice constants. Thus, it is
not practical to use atomic-scale simulations to study the macroscopic evolution of real columnar
structures for length-scales exceeding 1000 A and time-scales exceeding nanoseconds.

Numerical simulation of macroscopic evolution is possible if we do not attempt to describe
the surface down to atomic lenghts as illustrated by the work of Srolovitz[32] and Ling and
Anderson.[33] Continuum theories are thus aimed at understanding the macroscopic evolution and
should be complementary to numerical studies. To model the macroscopic properties of amor-
phous thin-film growth, a number of continuum models have been used in the materials science
literature, in particular in the context of electron-beam etching of masks for micro-electronics
applications: Caner[34] reviewed a very elegant approach based on the construction of an eikonal
equation for the evolution of the surface of a growing film ("Huyghens Construction") and applied
it to sputter erosion. Macroscopic evolution based on shadowing was also used extensive],y in
simulations[35] of sputter deposition onto patterned substrates. The success of these methods
suggested that they could also be used for understanding the macroscopic evolution of the
columnar microstructure. Continuum models have also been used for understanding the early
stages of thin film evolution. 36,37]



C) Scalin Theories 
3

Apart from the effort to model the structure of sputtered films, there has been an explosion
of interest in the general features of non-equilibrium surfaces.138] This work has centered on local
growth contiuum SOS models but with atomicity included through shot-noise in the incoming
current. A scaling description[39-41] was proposed for this class of models in terms of the evolu-
tion of the surface roughness. Let h(r,t) be the time dependent height profile of the film. Then the
height correlation function

C (q,t) = <lh(q,t)l2 > (a)

.'2 eiq~r ((h(O) - h(r))2)t / Area (I b)=(2n)2

with (-. )t indicating a sample average after exposure time t. This correlation function should have
the general form

C (q,t) - q-V F(t qZ) (2)

would predict a power law decrease proportional to q-v in C(q.t) for q > r /z and C(q,t) - tV/z
for q -tL/z. Under conditions of rotational invariance, z = 2 -a with 2(x = v-2, so there is only
one free exponent (say a). This scaling law has been verified for a wide variety of local growth
models.[38] Particularly influential was the KPZ model[42] where

ah/Dt = i-2h + J + J/2 (Vh) 2 i(r,t) (3)

with y a measure of the surface annealing, J the average deposition current and 'r(r,t) the shot-noise
fluctuations around the average current. In "I+1" dimensions (d=-I substrate), scaling is obeyed
[42] for the KPZ model with ct=0.5. Many models have been investigated[43-56] and it has been
found that in "2 + I" dimensions (i.e. physical substrates) a depends on the degree of non-
linearity. For very weak non-linearity (Edwards-Wilkenson Model)[57] a, - 0 vhile a --+ 4.0
for strong coupling. As a function of the non-linearity there appears to be a phase-transition for
discrete but not for continuum models. The connection of the KPZ model with sputtered films is
that the Huyghens construction, mentioned above, can be approximated for smooth surfaces by
Eq. 3 with y = =l = 0. Moreover, if we define an "active" surface for deposition by ballistic
aggregation and fit this surface with an h(r,t), then the results appear to agree with the scaling
predictions. There have, however, been few studies that investigated the experimental relevance of
the scaling approach for thin film growth.[58]

It) NIACROSCOPIC THEORY OF THIN-FLM GRONTH

In this section we discuss the analytical and numerical work done at UCLA aimed at
investigating for the concrete case of sputtered films whether the scaling ansatz in general and the
KPZ model in particular provide a viable description. The a priori questions were as follows:

(i) The shadow-mechanism is only local when applied to individual atoms. For a non-flat
surface, shadowing is a non-local roughening mechanism. For non-local growth models (e.g.
DLA) there is no reason to assume that Eq. 3 correctly gives the asymptotic (i.e. large length and
time scale) properties. In particular the SOS description is invalid for DLA because the surface
develops "overhangs".

(ii) Sputtered films anneal at lower temperatures by surface diffusion. This is described by
a V4 h terml8] rather than a V2h term, which is more appropriate for an evaporation-
recondensation mechanism.[59] How does this affect the conclusions?



(iii) The surfaces of Zone I thin films look Very different from those created by numerical

simulation of the KPZ model. In the latter case the characteristic "domed top" and cauliflower
structure of Zone I are missing. This question is related to the subsurface groove/void network.
In general. SOS models cannot be expected to account for the d=3 intnal structure of a film, yet
the groove structure is of crucial importance for the physical properties of thin films. Of course,
ballistic deposition d= create an internal structure but, as we have seen, it is computationallv
difficult to allow annealing to proceed sufficiently to create >1000A scale structures.

A) Column/Groove Micrormicture

To answer these questions we have developed[60J a "shadow model" for the growth of the
groove microstructure, based on the macroscopic description for sputtered films used in the mi-
croelectronics applications[35]. We extended these descriptions to the submicron regime by in-
cluding shot-noise and surface diffusion. In this model, the local growth rate vn is controlled by
the flux RJ(e), with J(0) a dimensionless vector, and by surface diffusion:

Vn = D d2 ds2  R-() J(e).n(s) dO + l(r,t) (4)

with D proportional to the surface diffusion constant. Next, 1 is the local curvature, s the
arclength (in 141 dimension), n(s) the local surface normal, and 0 1 (s), which determine the limits
of integration in Eq. 4, are the exposure angles at point s on the surface (Fig.1a). For D=rl=Q, this
model has been very sucessful in describing the macroscopic morphology of sputtered films. (Eq.
4 is actually a generalization, due to Bales and Zangwill,[63] of our model which used the SOS
approximation).

For D=O, we succeeded[60] in solving Eq. 4 analytically in the SOS approximation
producing a self-similar mountain landscape. However, the columnar structure was controlled by
the substrate roughness rather then by the shot-noise. Numerical simulation of Eq. 4 for rl=0 by
Bales and Zangwill[63] beyond the SOS approximation revealed a columnar/groove structure. The
groove structure showed amazing similarity with experimental resuts[621 (see Fig. l b). The initial
characteristic length scale of the columnar structure was again found to be set by the substrate
roughness. The columnar structure appeared to coarsen with h, as noted by Messier and Yehoda.
but the process could not be follow ed long enough because of computer limitation. The
column/g roove structure of Zone I is thus determined by the substrate surface roughness and not
by the shot noise (as had been frequently assumed on the basis of ballistic deposition simulations).
We established[62] a criterion for the initial substrate roughness to be small enough so fil.m-qualiiy
would not be affected by column/groove microstructure. Quantitative comparisons between theory'
and experiment (STM studies) were found to be feasible to some extent.[62)

a) m J

b)

Fig. I a) Surface profile h(x). Incident paricles can reach the surface from all dicions
within the cone defined by the angles 0.,(s) and e_(s).

b) Growth of a surface, with no shot noise, according to Eq. 4. (from ref. 62)



- B) Coarsening and Scaling

Ihe non-local algorithm for columnar growth revealed the origin of the groove structure
and their connection to the initial roughness. However, the algorithm was very computer intensive
and could not be used to obtain the long-time evolution of the groove structure as for instance seen
in the sputter deposition of amorphous graphite films by Messier and Yehoda[12-14] To that
purpose, we investigated [64) the connection between our non-local growth algorithm, and the
Huyghens Construction, which is much less computer intensive. Via numerical simulation of Eq.
4 we found[64] that the Htivghens Construction actually produces mathematical singularites
Ccwzps") at exactly the location where the mnich more accurate "eo uation of motion" Eo. 4 pro-

duced grooves- The evolution of cusps in the Huyghens construction in the presence of noise
leads to scaling for the "coarsening length" c(h) (the mean distance between grooves) with ex-
ponents which agree well with experiment[12-14) In the KPZ model annealing erases the cusp

C) Surface Diffusion

We thus have found that for sputtered thin films a reasonably realistic non-local growth law
(Eq. 4) can be approximated by the local Huyghens Construction. The Huyghens Construction is
apparently a very powerful tool which can be used also at shorter length scales - provided the cusp
singularity structure is tracked. If, with the above mentioned proviso, we can use the Huyghens
Construction, does the KPZ model describe the surface structure of sputtered films correctly on
length scales less than the coarsening length? Recall that on length scales less than c(h), the
surface of Zone I columns is (sometimes) self-similar[13]

This issue was investigated by Golubovic and Bruinsma. Surface diffusion would
contribute a "Vh" term and evaporation-recondensation[55] a "V2 h" term to the KPZ model:

DhlDi = D7 4 h + "i'h . J + J/2 (Vh) 2 + rj(r,t). (5)

A renormalization group treatment demonstrated that the KPZ description for non-conservative
noise[67] is valid provided "y is sufficiently positive. For pure surface diffusion, y = 0, the surface
becomes unstable towards a new fixed point because of breakdown of the SOS condition. In
practice this means that KPZ can be used but only for growth problems with substantial evap-
oration-recondensation and for length scales less than the coarsening length c(h).

Golubovic and Karunasiri[68] then investigated both analytically and numerically what will
happen for pure surface diffusion, i.e. sputtering at low temperatures. They concluded that the
surface will undergo a form of spinodal decomposition into a mountain landscape with cones that
have a characteristic length scale th,:: increases with time. This form of coarsening is fundamen-
tally different from that associated with the Huvghens Construction as it is not controlled b,. the
substrate roughness.

We thus can briefly summarize the results of the past theoretical effort as follows:
1. The column/groove microstructure is essentially a "deterministic" effect resulin, g

from reproduction and coarsening of the initial substrate roughness through the shadowing effect.
2. If surface diffusion is the dominant annealing mechanism then the surface evolves

via a spinodal decomposition mechanism leading to a coarsening mountain structure. If there is
substantial annealing by evaporation/recondensation, then the scaling theories should apply.

I1l. EXPERIVMENT'AL STUDES

This section will present the status of experimental studies. First, we will briefly review
the techniques that have been used in the past to characterize deposited films and rough surfaces.
Then, a substantial portion of this section will present the results and analyses of our studies of
sputter etching of graphite surfaces. The discussion will demonstrate the general data collection
and analysis tools that we have developed and will continue to follow in our future work, since
they' are substantially different from anything that has been done previously. Sputter etching and
rapid film growth share the same surface annealing characteristics, so the analyses are valid for



6
both cases. It will also show the value of having a joint theoretical/experimental effort, since the
two sides of the project have reinforced each other greatly.

A) Review of Analses of Rough Surfaces

As mentioned preiously,[9,10] the only method used in the past to obtain information
about C(q) for the surfaces of sputtered films was low-angle scattering of electrons or x-rays[69-
71] Historically, these experiments were very important for determining the structural properties
of rough surfaces, but it is not possible to reconstruct h(r) from C(q) because the phase
information is lost in the scattering process. Thus, scattering experiments must be supplemented if
one is to obtain a real-space picture of the rough surface.

A great deal of experimental work involving rough surfaces has been performed with
different forms of microscopy,[12-14) especially scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). An advantage of electron microscope techniques is that
they can be used to obtain valuable information about the cross section and internal structure of a
film, as long as the sectioning process does not damage the film too heavily. This is especially
useful in characterizing intergranular voids and grooves. However, most researchers do not obtain
a Qginaiv. height profile of the surfaces they investigate, but rather analyze the lateral inhomo-
geneities of the surface by examining the variation in the gray scale of their micrographs. One of
the major results from this work is the near universality of the cauliflower morphology that is ob-
served on films of essentially anything grown under the proper conditions by a vapor deposition
process.[ 12-14]

Rasigni et.al.[72,73] have developed a method to obtain quantitative height profiles of
rough surfaces. The), use a microdensitometer to digitize the gray scale of a TEM image of a
carbon replica of the surface, and then assign a height scale to the digitized image based on various
calibrations they can make. The)' have been primarily concerned with calculating various moments
that characterize the surface, such as the autocovariance function (or real-space height-height cor-
relation function), defined by

G(Ir2,- ril) = (h(r2 )h(rl)) - (h(r) 2). (6)

This function, which is the Fourier transform of C(q) from Eq. I above, is used by Rasigni
et al.[72, 73] primarily to characterize the degree of roughness of the surface, the length scale over
which correlation of surface structure appears and to model the scattering of light from their rough
surfaces. They have not related G(r) to any theories of film growth, although they could simply
Fourier transform it to find C(q) and follow the prescriptions outlined above. The problems %vith
this TEM technique are that it is very labor intensive, forming the carbon replicas can damage the
surfaces on which they are made, and the resolution is no better that 100A.

Most of the film growth studies performed with STM have involved relatively smooth sur-
faces produced by evaporation of films onto flat substrates.[74,751 Denley has emphasized the
stud) of rough surfaces with STM.[76 ] He showed that the roughness of an evaporated Au film,
defined as the average peak-to-peak height of the surface over an area imaged in a STM topograph.
depended strongly on the temperature of the substrate during the deposition. He observed that the
surface roughness was minimized for a substrate temperature of 300'C, which demonstrates the
importance of kinetic processes even for evaporated films. He has also used STM topographs to
determine the fractal dimension of rough surfaces, in an attempt to characterize different
roughening processes.

Schonenberger et al.[77] have used STM to study conducting films of Fe30 4 deposited
onto Si (100) substrates by sputtering. The surfaces of the deposited material were characterized
by the now familiar domelike terminations of columnar grains of oxide with lateral dimensions in
tlhe 200-500 A range. The mean diameter of the grains and the surface corrugation increased
significantly with increasing substrate temperature, with the rms corrugation always 10% of the
grain diameter. The domes were smooth and featureless. The results that were obtained depended
strongly on the tips that were used, with etched Au and Ptlr thermocouple wire tips producing the
smallest tip artifacts in the images. The authors did not have a theoretical model to explain the
morphology of their surfaces.



Poirier and White78] have cxamined the effects of ion bombardment and annealing on

TiO2 (001) surfaces, and then examined the growth of Rh films on the rutile surface. They hve
observed that bombarded surfaces roughen, and that the rough surfaces become smoother with the
initial stages of annealing. However, after annealing for 2 hours at 510'C, the surface roughens
again to expose (011) and (114) facets. When Rh is evaporated onto an unfaceted surface, it forms
a cauliflower pattern on the rutile. The STM topographs of these various surfaces are qualitatively
similar to those collected in our laborato-y from graphite surfaces sputtered etched at the higher ion
doses. This is an indication of the universality of the processes that occur for etching ano
deposition of material from the vapor.

The recent work of Mitchell and Bonnell[79] on the analysis of sputter-deposited films and
rough fracture surfaces by STM is the closest to ours in terms of the manner in which the data are
represented. These researchers accumulate single STM line scans of their surfaces with 1000-2000
data points in the scan. Each scan is then Fourier transformed to yield a high quality power
spectrum, and several of the power spectra are averaged to further improve the signal to noise ra-
tio. If a substantial portion of the plot of the logarithm of the power spectrum versus the logarithm
of the wavenumber is linear, then the surface displays a fractal character over the corresponding
length scales and the fractal dimension is related to the slope of the line segment. At the present
time, these characterizations have not been extended to the understanding of the mechanisms that
give rise to the particular fractal dimensionality that is observed.

There have been several STM studies of sputtered surfacest80-891 but most of them have
emphasized the very low ion dose limit so that they could examine the damage created by a single
ion impact with the surface[80-87] or examine surface morphology after the removal of a single
monolayer of material[88,89] For the case of ion bombardment of graphite with 50 keV Ar + ions,
the surface is characterized by hillocks rather than depressions at the ion-impact sites.[85-87]
These hillocks, which are roughly 10A in radius and IA high, are presumed to be the result of
interplanar stresses caused by the collision cascade that leads to a local volume expansion of the
graphite.187] The atomic order of the surface in the area around the hillocks is also severely dis-
torted. Michely and Comsa[88,89]have examined the initial stages of ion etching of single crystal
metal surfaces such as Pt( I1l) with keV enery He+ and Ar + ions. With the heavier projectile,
which has a sputter yield > 1, the surfaces are characterized by hexagonal vacancy islands. For
He', which has a sputter yield << 1, the surfaces exhibit a variety of hillocks, adatom islands, and
dislocations that intersect the surface. In all of these studies, the surfaces were still dominated b\
the structures of the underlying substrate material.

B) STM Anl,,k of Spuner-Etched Granhihe

In contrast to the above sputtering studies, we have examined surfaces bombarded with in-
termediate ion doses designed to remove between 10 and 1000 atomic layers from the substrate.
The surface chosen for our initial investigations was the cleaved (0001) face of highly oriented
pyrolytic graphite (HOPG). This surface is inert in air and is easily imaged with the STM[83-86)
Graphite also has a rigid lattice, with a melting temperature of -3800'C. This indicates that surface
diffusion should be minimal at room temperature and thus bombardment induced topography is
"frozen in" and can be observed with the STM long after sputtering has occurred. Aside from
experimental convenience, sputtering of graphite is intrinsically interesting to many different
communities of researchers. Besides its basic theoretical interest, this work has relevance to the
investigation of plasma-surface interactions at the limiters in tokamac reactors,t90] the mechanisms
of diamond film growth,t91] and erosion of surfaces of composit materials in low earth orbit.t92)

Freshly cleaved graphite samples were examined with the STM before sputter etching. The
STM was operated at atmospheric pressure in the constant current mode, with a tunnel current of
0.5 nA and a sample to tip bias of -100 mV. The tips used were either made from Au or PtIr wire.
Low magnification topographs (2400 A x 2400 A image size) showed atomically flat areas over
many thousands of square Angstroms, while at higher magnifications (25 A x 25 A) the atomic
scale features of clean graphite were easily observed.

After stable images of clean graphite were obtained, the samples were transferred to the
sample treatment chamber of a KRATOS XSAM-800 surface analytical system. The graphite
surfaces were sputter etched with a beam of 5 keV Ar* ions, rastered over a 9 mm 2 area on the
sample and incident at an angle of 60' to the surface normal. The beam flux incident on the sample
was determined by using an electrometer to measure the ion beam current. A small positive bias



(45 volts) was applied to the sample to suppress secondary electron emission. The experimental
parameters that have been varied so far were the flux J incident on the sample, the total ion fluence
Q = Jt for a given exposure time t, and the substrate temperature T.

The graphite samples were re-examined with the STM after etching using identical operat-
ing parameters and, if possible, the same tunneling tip used prior to sputtering. The results shown
here were reproducible from sample to sample and even with different tunneling tips. The surfaces
were stable for several days, but after prolonged exposure to the air tip noise dominated the
images. The images used for the data analysis were usually collected within a couple of hours of
the first removal of the sample from the vacuum chamber.

The study of rough surfaces with an STM presents special problems associated with the tip
and various imaging artifacts that may arise. Asymmetric tips produce artificial anisotropy in the
images and blunt tips will fail to resolve closely spaced features.t93) Surfaces with very sharp
protrusions will yield images of the sides of the tunneling tip instead of the surface features.[94]
We have been very careful to characterize and understand these artifacts. First, we always scan a
cleaved graphite surface with the tips that are used to image a rough surface to ensure that the tip is
capable of producing atomic-resolution images that are free of distortion. Second, we collect
dozens of images from each sample to make certain that features are reproducible and that the
features scale properly as the image area is changed. Finally, we analyze the images to determine
the average and maximum slopes of the features that are imaged. In all the sputtered sample work
on which we have reported, the surface structures never form an angle greater than 35 ' with respect
to the horizontal plane of the sample. We do observe structures that can be attributed to tip imaging
artifacts, but images with such features are never included in our data analysis.

So far we have analyzed over 1,000 STM topographs collected from more than 15 bom-
barded samples. The three different incident ion fluxes reported here were Jl = 6.9 x 1013, j2 =
3.5 x 1014 and J3 = 6.9 x 10 '4 ions/cm 2 sec. By varyin,,he time of expose re to the ion beam.
the total fluences obtained were QI = 1016, jj and Q3 = ]015 ions/cm 2 , which
correspond to removing 10, 100 and I00) monolayers of carbon, respective]y, assuming a sputter
yield of one atom per ion.[95,96] A mtatrix of STM topo-raphs collected for the three fluxes and
three fluences is shown in Fig. 2, with the lateral scale of 2400A for all the images. In addition to
the ambient temperature experiments, etching %,as also performed at substrate temperatures of
approximately 600K and 900K for the J2 flux and Q2 fluence, with the corresponding topographs
shown in Fig. 3. The surface roughness has been greatly exagerated in the topographs because of
the expanded z-axis scale. One feature of the data presented in Fig. 2 that surprises many people is
the strong dependence of the surface morphology on the ion flux. Based on the results of the
theoretical work at UCLA described above, "e anticipated that the flux would be important and
therefore intentionall) performed experiments to character the flux dependence.
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Fig. 3 STM topographs for surfaces sputtered with flux J2 and fluence Q?2. The surfaces were
held at approximately 300, 600 and 900K during the sputtering process. Elevated
temperatures result in surfaces that are much smoother.



The primary new feature that we have brought to this research area is the analysis of the
data, which is assisted greatly by the coupling between the theoretical and experimental groups.
The calculation of the auto-covariance function G(r) with Eq. 6 provided a quantitative determi-
nation in real space of the surface roughness and the short range lateral correlation.72,73)
Selected plots of G(r) vs. r are shown in Fig. 4. For a totally random surface, G(r) resembles a
delta function; G(0) is the v'ariance of the surface height h(r) (or the square of the interface width
8)172,73) and G(r>>0)=0. The fact that the peaks in the G(r) plots of Fig. 4 have a finite atltoco-
variance length ) means that the surfaces have some type of correlation in their structure, which is
not often visible in the STM topograph. Higher fluxes produce more disordered surfaces (smaller
X), whereas higher fluences produce more correlated surfaces (larger X).

Selected correlation functions C(q) calculated with Eq. I from the height profiles of Figs. 2
and 3 are shown in Fig. 5.

.0 4- * "

20'

20" 1: Fig. 5

10,4 1.

60 ox 10. D

L A) 104'*
Fig. 4

qciA)

Fig. 4 Plots of the autocovariance function G as a function of length for selected surfaces imaged
in Fig. 2. The interface width 6 is the square root of G(0), and the autocovariance length ,.
is indicated on each of the plots. The conditions for the plots are as follows: (a) Jl, Q];
(b) J2, QI; (c) J3 , Q; (d) Jj, Q2; and (e) J, Q3.

Fig. 5 Height correlaion functions:
(a) (Ih(q) 12) for the data in Fig. 2, with Q = 1016 ions/cm 2 (0), l017

ions/cm2 (K ), and 1018 ions/cm 2 (0.O). The crossover wavevector qo = 1/i is
indicated fr each curve and a /q 7 dependence is shown for comparison in the
large q regime.

(b) (Ih(q) 12 ) for topographs with the same parameters as in Fig. 5a, except that
the flux is higher: J = 3.5 x 1014 ions/cm sec. Note that there is a significant flux
dependence, with (lh(q) 12 ) larger (the surfaces are rougher) for the higher flux

(c) Temperature dependence of (Ih(q) 12 ) from Fig. 3, with J2, Q2 and the temperature
of the substrate T- 300K (J),T= 600K (0) and T =900K (o). A I/q 4  2
dependence is shown for comparison in the large q regime. Note that (Ih(q)!
decreases (the surfaces are smoother) with increasing T.
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The average (lh(q)12) was obtained for each sample by summing the two-dimensional power

spectrum, lh(q)12, over the azimuthal angle at increments of I' for each value of q. The variance of
C(q) was also calculated to provide the error bars in Fig. 5 for the correlation function of each
sample. If the surface is random, C(q) will be a constant for all values of q, but if correlation is
present in the surface features C(q) will have some functional dependence on q. Examining the
behavior of the correlation function allowed us to determine the scaling behavior of the surfaces as
a function of the wavevector q and to make comparisons to the theories of sputter erosion
morphology.[97,98) Because of the absence of phase information in the height correlation
function, however, it is less sensitive to uncorrelated -- but prominent -- surface features, which
are much more easily visible in the real-space STM topographs. Thus, having both types of data
available for exactly the same region of the surface helps greatly in understanding the structure of
the surface.

The creation of correlated structures by particle radiation, which is a stochastic process that
might be expected to form a totally random surface, at first seems counter-intuitive. However, the
theoretical analyses of the previous section showed that the correlation arises from the various
surface healing mechanisms, such as surface diffusion and evaporation-recondensation. We ex-
amined a linear version of Eq. 5 above and tested its predictions by comparing the asymptotic
limits to our experimental data.[97,98) In the linear response approximation

Dh(q,t)/at -w(q) h(q,t) + Tl(q.t) , (7)

where w..(q) is the q-dependent healing rate of a surface modulation of wavevector q and Tl(q.t) is
the reciprocal-space shot noise term. For the case of isotropic radiation erosion, which was not
strictly valid because the sample was etched by an ion beam, and including annealing by an
evaporation/recondensation-like mechanism and surface diffusion, the healing rate is

w(q) l Jiq y q2 2+D'q (S

with J the flux, - the healing rate for redeposition, and D proportional to the surface diffusion
cons:ani. Equation 7 can be solved analytically to yield the correlation function

C(q.t) -exp (- 2w(q)t)]. (9,

By expanding the exponential in Eq. (9) one can see that for small q, C(q,t) is proportional to t
and independent of q. while for large q, C(q,t) is proportional to w(q)-l and therefore must de-
crease with q. Thus, there are two distinct regions in plots of C(q,t) vs. q at any given value of I
and Fig. 5 shows that this type of behavior is observed experimentally. The transition should
occur at the crossover wavevector q0 = " 1, defined by w(- I)t = I, which predicts that the cor-
relation length k at the knee in the C(q,t) vs. q curve is proportional to the fluence Q = t (assuming
< ! (D/J)1/ 3). From Fig. 5a, we see that 4 increases with Q, albeit more slowly than linearly. In

Fig. 5b, we show C(q,t) for the same three fluences as for Fig. 5a, but with J increased by a
factor of 5. Indeed, within the uncertainties of the experimental data, k does not appear to have
changed significantly for surfaces sputtered with the higher flux, even though these surfaces were
rougher, i.e. had larger values of C(q,t), for all values of q.

We also investigated the limiting behavior of C(q,t) for large values of q. At thii limit, the
healing function w(q) -- 7q2 + Dq4 , so that C(q,t) should decrease at least as fast as q- , depend-
ing on the relative values of y and D. The observed functional dependence for samples sputter
etched at roughly 300K is C(q,t) - q- 2 .7 , so apparently two different mechanisms are involved in
the healing process. Since the diffusion constant D is strongly temperature dependent, a q- 4 tail
should characterize C(q.t) for surfaces sputtered at elevated temperatures. In Fig. 5c, we showk
C(q,t) for graphite samples that were sputtered at temperatures T = 300, 600, and 900K. Above



600K, C(q,t) drops more sharply with q and, for large has a tail with an approximately q 4 13

dependence. At the lower surface temperatures, the q" healing process is apparently more
important. The substrje temperatures during sputter etching are much too low for the process
responsible for the q-- behavior of C(q,t) to be evaporation/recondensation. However, the
incident ions create a localized thermal spike when hitting the surface that can result in the forma-
tion of impact craters. Thus, the q-2 mechanism for healing the surface might be characterized as a"sputter/redeposition" process in which atoms move from one spot on the surface to another as
flying debris from the impact of the ion.[ 14]

By expanding the exponential term in Eq.(9) for the limit q -. O, we see that the interface
width, W = (Ih(q-.40) 2 )tl/ 2 , should be proportional to (Jt)1/2 = Ql/2, a prediction which is in-
dependent of the healing rate function, w(q), and consistent with the stochastic nature of particle
radiation. For large Q (ie. long times) and q > 0, the exponential term is small and can be ne-
glected, making C(q,t) independent of the fluence, i.e. there should be a saturation value Qs above
which C(q,t) does not change with increasing fluence (in real space the morphology would still
evolve, but the moments characterizing the surface would not). From the experimental results in
Figs. 5a and 5b, we see the surprising result that W increases more like Q than QI/ 2 and that
C(q,t) shows a significant dose dependence at large q. Thus, the linear response theory
qualitatively accounts for the smoothening processes that lead to correlated structures on sputtered
graphite surfaces, but it does not provide a quantitative description of our data because it fails to
predict the Q dependence of the roughening.

We also compared the general scaling description described earlier (Eq. 2) to our
experimenal data. In Fig. 5a, we see an approximate power law dependence in the correlation
function at large q for the lower ion doses, with an associated exponent v of order -2.5 to -2.9,
resulting in z - 1.6 - 1.8 and v/z - 1.5. This would mean that for small q, C (q,t) - tv / z should
increase faster than linearly with increasing time (or fluence), while the correlation length at
crossover, - tl/z, should increase more slowly than linearly. Both predictions are valid for the
experimental data collected to date. The values of cx obtained from our experiments are - 0.2 - 0.4,
which corresponds to the regime of weak nonlinearity discussed in the previous section. The
results embodied in Fig. 5 thus appear to be consistent with local growth models, at least at lower
fluences, which illustrates the close relationship between sputter etching and film growth.

In summar', we obtained quantitative height profiles for the initial stages of sputter etching
(removal of 10-1000 monolayers) of an initially smooth surface. Ion bombarded graphite surfaces
evolve a rough morphology characterized by the divergence of the correlation length, as predicted
by linear response theory. By examining the q-dependence of the height correlation function, we
were able to determine that two healing mechanisms, sputter/redeposition and surface diffusion,
were important for forming the correlated structures on the surface. However, the experimental
height-height correlation function is not quantitatively consistent with a linear response model,
because it does not predict the correct fluence dependence of the surface roughening, but does have
features in common with the scaling theory for sputter growth. Our work is the first to relate
quantitative experimental data on the morphology of solid surfaces formed by nonequilibrium
processes to the theories that have been developed to explain their formation

Thi, \vork v, ,upportcd in part by the Office of Naval Research.
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